Common variation in over 100 genes has been implicated in the risk of developing asthma, but the contribution of rare variants to asthma susceptibility remains largely unexplored. We selected nine genes that showed the strongest signatures of weak purifying selection from among 53 candidate asthma-associated genes, and we sequenced the coding exons and flanking noncoding regions in 450 asthmatic cases and 515 nonasthmatic controls. We observed an overall excess of p values <0.05 (p ¼ 0.02), and rare variants in four genes (AGT, DPP10, IKBKAP, and IL12RB1) contributed to asthma susceptibility among African Americans. Rare variants in IL12RB1 were also associated with asthma susceptibility among European Americans, despite the fact that the majority of rare variants in IL12RB1 were specific to either one of the populations. The combined evidence of association with rare noncoding variants in IL12RB1 remained significant (p ¼ 3.7 3 10 À4 ) after correcting for multiple testing. Overall, the contribution of rare variants to asthma susceptibility was predominantly due to noncoding variants in sequences flanking the exons, although nonsynonymous rare variants in DPP10 and in IL12RB1 were associated with asthma in African Americans and European Americans, respectively. This study provides evidence that rare variants contribute to asthma susceptibility. Additional studies are required for testing whether prioritizing genes for resequencing on the basis of signatures of purifying selection is an efficient means of identifying novel rare variants that contribute to complex disease.
Introduction
Despite the many successes of genome-wide association studies (GWASs), only a small fraction of the heritability of common diseases is accounted for by the risk alleles identified through these studies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] One possible explanation for this ''missing heritability'' is that the genotyping platforms typically used for GWASs include mostly common variants (those with a minor allele frequency [MAF] >0.05) selected for their ''tagging'' of larger haplotype blocks. This strategy is unlikely to tag most of the rare variants in the genome. In fact, theoretical modeling favors a scenario in which most of the genetic risk for common diseases is due to mildly deleterious mutations that are maintained at low frequency in the population by weak purifying (negative) selection. 11 Such lowfrequency or rare variants are likely to have larger effects on disease risk than the common variants detected by GWASs. To date, however, the relative contributions of alleles with MAF <5% to the heritability of common diseases have not been comprehensively surveyed.
A limitation to studies of rare variants is that they require resequencing of genes in cases and controls (or individuals selected from the tails of a distribution of quantitative phenotypes). Until recently, such studies were not feasible in large samples. However, reductions in sequencing costs and advances in sequencing technologies have now made it possible to directly evaluate the contribution of rare variants to the risk of common diseases. A second challenge is in selecting candidate genes for resequencing or for prioritizing the selection of genes identified from genome-wide studies. One approach has been to select genes underlying Mendelian forms of common diseases. For example, Cohen and colleagues resequenced genes containing mutations that result in Mendelian forms of lipidemias in subjects sampled from the upper and lower 5% of the distribution of cholesterol levels. 12 In a series of studies of relatively small samples, rare nonsynonymous polymorphisms influencing normal variation in cholesterol levels were identified in many of these genes. [13] [14] [15] Although this strategy might help identify genes harboring rare variants that increase the risk of disease, either Mendelian subforms do not exist for many common diseases, or the causal genetic mutations are unknown. Another approach is to focus on candidate genes and regions identified through GWASs. Johansen and colleagues used this approach to implicate rare variants in four genes identified through a GWAS of hypertriglyceridemia. 16 However, genes with rare variants that contribute to disease might not necessarily also harbor common variants with sufficient effect sizes to be detected through GWASs. Thus, additional strategies are required for selecting genes for resequencing studies so that the genes harboring rare variants that contribute to common disease risk are more likely to be identified. Asthma (MIM 600807) represents an excellent example of a common disease for which GWASs have identified common variants that collectively account for a very small proportion of the total genetic risk [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and for which Mendelian subforms are unknown. Collectively, common variation in well over 100 genes has been associated with asthma-either through GWASs, linkage and positionalcloning studies, or candidate-gene studies-with varying degrees of replication. [17] [18] [19] A theoretical framework developed by Pritchard suggested that genes with molecular signatures of weak purifying selection are more likely to harbor an excess of rare or low-frequency variants involved in a complex disease. 11 Weak purifying selection prevents mildly deleterious mutations from reaching appreciable frequencies in a population as compared to neutral or adaptive mutations. For example, genes involved in Mendelian diseases have proportionally more rare variation 20 and show stronger signatures of purifying selection at nonsynonymous sites. 21 We selected nine candidate asthma-associated genes for resequencing on the basis of evidence of weak purifying selection in a genome-wide scan for natural selection in both European and African Americans. 22 Our results suggest that rare variation contributes to asthma susceptibility in both coding exons and their flanking noncoding regions. Discovering whether prioritizing genes with evidence of purifying selection is an efficient way to identify genes with rare variation that contributes to the etiology of common diseases will require additional studies.
Subjects and Methods

Study Subjects
Sequencing of coding exons and their corresponding flanking regions for the nine genes was performed in a total of 510 asthmatic cases and 515 nonasthmatic controls. SARP and CSGA included both African American and European American cases and controls. Subjects with mild to severe asthma were recruited from SARP centers and the CSGA, and they met the American Thoracic Society (ATS) definition of severe persistent asthma. 26 All subjects were characterized according to asthma severity. 25, 27 Controls were recruited from the same medical centers and had no personal or first-degree-relative family history of asthma. The GRAAD study consisted of self-reported African American cases and controls from the Baltimore-Washington, D.C. metropolitan area. To determine the asthma status of all affected individuals, we had a clinical coordinator administer a standardized questionnaire based on the asthma criteria set by either the American Thoracic Society 28 or the International Study of Asthma and Allergy in Childhood (ISAAC). 29 Asthma was defined as both a self-reported history of asthma and as a documented history of physician-diagnosed asthma (past or current). Controls were likewise administered a standardized questionnaire and were determined to be negative for a history of asthma. Study protocols were approved by the institutional review boards at Harvard University, Johns Hopkins University, Wake Forest University, the University of Arizona, and the University of Chicago.
Selection of Genes
Because we do not know how to identify genes that harbor rare risk alleles, we decided to cast a wide net and include all genes that had been even marginally (or weakly) implicated in asthma risk. We compiled a list of 120 candidate asthma-associated genes, 118 from a literature review 17 and an additional two, ORMDL3 and CHI3L1, that GWASs had recently revealed to be associated with asthma and an asthma-like quantitative phenotype, respectively, at the time this study was designed 6, 30 . For sequencing, we ultimately selected nine genes that showed the strongest evidence of purifying selection at nonsynonymous sites in both European Americans and African Americans from a genome-wide scan for natural selection 22 ( Tables 1 and S1 , available online). In brief,
we obtained signatures of natural selection at nonsynonymous sites by comparing levels of human polymorphism (withinspecies variation) to chimpanzee sequence divergence (betweenspecies variation) to estimate the population-scaled selection coefficient (g ¼ 2N e s) for each gene. We used an extension of the McDonald-Kreitman test and the MKPRF program 31 to identify loci showing the strongest signatures of purifying selection, as indicated by a higher proportion of polymorphism within species versus divergence between species. We ranked genes on the basis of the probability that g was <À0.5; 53 of the asthma-associated genes had at least one SNP or fixed difference at nonsynonymous sites in the 20 European Americans and 15 African Americans
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(sequence data were available for 91 of the 120 genes, and 53 of these genes matched this criterion and were included in the study) (Table S1 ). From these, we selected the top nine genes with the strongest evidence of purifying selection in both populations for our resequencing study. The nine genes selected for sequencing included one gene (CFTR [MIM 602421]) in which severe mutations cause a Mendelian lung disease and in which common variants have been associated with asthma 32 and another gene (DPP10 [MIM 608209]) that was initially discovered in a positional cloning study in Europeans 33 and then subsequently detected in a GWAS on asthma in African Americans. 4 The remaining genes were previously selected as candidate genes on the basis of their known functions and were subsequently reported to be associated with asthma in at least one published study. 17 All of these genes had an estimated probability of purifying selection at nonsynonymous sites >80% in both European Americans and African Americans and fell within the 92 nd percentile of >10,000 genes included in a genome-wide scan for natural selection.
DNA Sequencing
Sanger sequencing (on both the forward and reverse strands), variant detection, and annotation to coding and noncoding regions of each gene were performed at the NHLBI-supported Resequencing and Genotyping (RS&G) Service at the J. Craig Venter Institute (JCVI). PCR primers were designed to cover all coding exons with amplicon sizes ranging from 350-800 bp and with a 100 bp overlap between adjacent amplicons. We compared all primer sequences to the whole-genome assembly to verify their uniqueness against pseudogenes and gene families. The coordinates of all amplicons are available in Document S2. Chromatograms were base and quality checked with Applied Biosystems KB Basecaller v1.2 (on a 3730xl sequencer) and TraceTuner with custom calibration for 3730xl (see Web Resources), and they were mixed-base-called with in-house custom software. We annotated variants to coding and non-coding regions by using the Ensemble database v.50 (July 2008). Noncoding regions were intronic, 5 0 upstream of the transcription start site, and 3 0 downstream of the transcription stop site.
Data Analysis
All variants and subjects passing quality control (QC) at the JCVI were included in the analysis. Additional QC on each variant was performed with PLINK, 34 including an assessment of call rates and deviation from the Hardy-Weinberg equilibrium. MAFs of previously identified variants were compared to the HapMap (phase 2, release 24) CEU (Utah residents with ancestry from northern and western Europe from the CEPH collection) and YRI (Yoruba in Ibadan, Nigeria) samples 35 and to pilot data from the 1,000 Genomes Project. 36 We inferred ancestral states of each variant on the basis of sequence identity to the chimpanzee by using syntenic net alignments of the human (hg18) and chimpanzee (PanTro2) genomes downloaded from the UCSC genome browser. 37, 38 We created plots of the site-frequency spectrum by resampling the cases and controls for N ¼ 100 chromosomes across each variant to account for missing data and uneven sampling. 40 Admixture was modeled under seven generations of admixture with a two-population model of 80% ancestry from Africa and 20% ancestry from Europe. Windows were offset by a factor of 0.2, a cutoff for linkage was set to 0.1, and a constant recombination rate was set to 10 À8 .
We repeated tests for allelic association in the African American sample by using local ancestry as a covariate, and we used stratified tests of association in individuals with and without local European admixture for each gene. Using the C-alpha test, we performed gene-based tests of association on nonsynonymous, synonymous, and noncoding variants to investigate the contributions of rare variants to asthma susceptibility (MAF <5% in cases or controls). 41 We used a total of 50,000 permutations to evaluate statistical significance by shuffling case and control labels to maintain haplotypes and patterns of missing data. We used 100 permutations in a similar manner to test for an enrichment of The estimates of the probability of selection and the selection coefficient are available as supplemental data in Torgerson et al. 22 Estimates for the complete list of genes are in Table S1 .The following abbreviations are used: EA, European Americans; AA, African Americans. a Probability of negative selection. b Population-scaled selection coefficient (g ¼ 2N e s).
small p values across all tests performed. We combined p values by using Fisher's method across the two populations.
Results
Our study population consisted of 108 cases and 248 controls of European American descent and 342 cases and 267 controls of African American descent. A total of 80,302 base pairs, including 17,931 coding sites and 62,371 noncoding sites (5 0 and 3 0 UTRs, introns, 5 0 upstream regions, and 3 0 downstream regions) flanking the coding exons, were sequenced across the nine genes. The average coverage of coding sites across all genes was 93%, ranging from 84% in IL12RB1 (MIM 601604) to 100% in both AGT (MIM 106150) and CHIA (MIM 606080) ( Table 2 ). A total of 1,225 variants (303 coding and 922 noncoding) were detected across all nine genes, and 903 (74%) of these variants were absent in dbSNP version 129 (the last release prior to the addition of SNPs identified in the 1,000 Genomes Project). Of these 903 SNPs, 81 were subsequently identified in pilot data from the 1,000 Genomes Project. A total of 657 variants were unique to the African Americans, 184 variants were unique to the European Americans, and 384 variants were shared in both populations. The number of variants specific to the cases was 275, and the number of variants specific to the controls was 285. The majority of variants were rare (frequency <5%), and there was a higher proportion of rare variants in the African Americans (83%) than in the European Americans (71%) (Figure 1 ). The total counts of nonsynonymous, synonymous, and noncoding variants in cases and controls in each population are shown in ). However, in African Americans, there was a trend toward more rare variants in the asthmatic cases than in the controls ( Figure S6 ). Population structure in African Americans might be a confounding factor in genetic tests of association; however, patterns of local European admixture were not significantly different between cases and controls for any of the genes (Table S3) . Consistent with this finding, results in the African Americans were unchanged when we included local ancestry as a covariate or stratified cases and controls by the presence or absence of local European admixture (not shown). We investigated gene-based tests for the potential involvement of rare variants and asthma susceptibility by using the C-alpha test, 41 which allows for mixed effects of variants at a single locus (i.e., protective or risk alleles).
Overall, we performed a total of 54 gene-based tests (9 genes 3 3 site classes 3 2 populations) and expected to see three or fewer p values <0.05 by chance. However, seven tests had a p value < 0.05 (Table 3 ), suggesting that there were at least four true positive associations in our data. Furthermore, in 100 random permutations of our data, only two resulted in seven or more p values <0.05 (permuted p ¼ 0.02), indicating a significant enrichment of small p values in our data. Assuming that there are 2-3 false-positive results in our data, the pattern of signals seen in Table 2 implies that we expect rare variants in at least two genes to be true associations with asthma. Note that there are two genes (DPP10 and IL12RB1) with multiple signals, making them more likely to be truly associated.
In African Americans, we observed an association between rare variants and asthma in four of the nine genes, including nonsynonymous rare variants in DPP10 (Table 4 ) (p ¼ 0.023) and noncoding rare variants in AGT The following abbreviations are used: TGP, 1,000 Genomes Project; EA, European Americans; and AA, African Americans. a Variants that are absent in dbSNP build 129 (last version prior to the addition of pilot data from the 1,000 Genomes Project). b Variants that are absent from dbSNP build 129 and the 1,000 Genomes Project pilot data.
, and IL12RB1 (p ¼ 0.0015). In European Americans, we observed an association between rare variants and asthma in both nonsynonymous (Table 4) and noncoding variants in IL12RB1 (p ¼ 0.034 and 0.022, respectively). The combined evidence that noncoding rare variants in IL12RB1 contribute to the risk of developing asthma in both African Americans and European Americans yielded a meta-analysis p value of 3.7 3 10 À4 , which surpasses a more stringent Bonferroni correction for 27 tests (9 genes 3 3 site classes).
Discussion
We resequenced the coding exons and flanking noncoding regions of nine candidate asthma-associated genes that showed signatures of weak purifying selection, and we investigated the contributions of rare variants to asthma susceptibility. The majority (75%) of variants identified were absent from dbSNP build 129; however, some (9%) of them were present in pilot data from the 1,000 Genomes Project. No individual rare variant was significantly associated with asthma after a multiple-testing correction; this finding is not unexpected, given the low statistical power to detect an association for variants with MAFs <5% in samples of this size. However, gene-based tests of association suggested a contribution of rare variants to asthma susceptibility in four (AGT, DPP10, IKBKAP, and IL12RB1) of the nine genes studied. Only IL12RB1
showed a significant contribution of rare variants to asthma susceptibility in European Americans, whereas four genes were identified in African Americans. However, because the European American sample was smaller than the African American sample and European populations are expected to harbor less rare variation overall than African populations, 42 we cannot rule out that the differences we observe between these samples are due to differences in statistical power. Our original expectation was to discover associations between rare nonsynonymous variants and asthma risk. However, we found more evidence of rare noncoding variants in the regions flanking coding exons. For example, five of the seven p values <0.05 were due to associations with rare noncoding variants, and associations with noncoding variants in IL12RB1 were significantly associated with asthma in both African Americans and European Americans. Interestingly, 71% of the rare noncoding We resampled a total of 100 chromosomes in each of the European American and African American cases and controls to account for missing data and differences in sample size. Derived alleles were pooled for variants with >2 alleles; we used data from the chimpanzee to infer ancestral states. Plots for individual genes are shown in Figure S1 .
variants in IL12RB1 were specific to either one of the populations. Furthermore, nonsynonymous sites on IL12RB1 were associated with asthma in European Americans (p ¼ 0.034) but not in African Americans (p ¼ 0.65). Therefore, even when susceptibility-associated genes are shared between the two populations, different sets of rare variants might contribute to the risk of developing asthma. Although we targeted coding exons, the majority of sites that were resequenced were flanking noncoding sites. In African Americans, only noncoding rare variants showed a significant contribution to asthma susceptibility when pooled across all genes (p ¼ 0.0029), even though nonsynonymous substitutions are predicted to have larger effects on disease. Indeed, two genes (DPP10 in African Americans and IL12RB1 in European Americans) show evidence of rare nonsynonymous variants that are involved in asthma susceptibility. However, both of these genes also showed significant contributions of noncoding rare variation. Although it is possible that the most highly penetrant nonsynonymous mutations are too rare to be detected in studies of only hundreds of cases, our results suggest that rare noncoding variation in regions flanking exons play a more prominent role in asthma susceptibility.
There is currently great debate as to whether more of the heritability of common diseases, such as asthma, is explained by rare or common variants. Recent GWASs on asthma have identified common variants that explain very little of the heritability of asthma-their estimated effect sizes range from 1.1 to 1.3. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] These findings are consistent with either or both of the following scenarios: a large number of common variants that individually confer only a modest increase in the risk of asthma (such as for height 43 ) and/or a large number of rare variants with larger effect sizes but which are not well tagged by commercial genotyping platforms. In the current study, we find associations between rare variants and asthma susceptibility in four of the nine genes studied, but we do not find associations between common variants and asthma susceptibility in any of the nine genes (see Document S3). Ongoing exome-sequencing studies in larger populations will better illuminate the relative contributions of rare and/or common variants to the heritability of asthma, but such studies might neglect the majority of noncoding variants. Our results suggest that noncoding variants in the exon-flanking sequences should not be ignored in future sequencing studies. On the basis of theoretical predictions 11 and because Mendelian-disease-associated genes have a greater proportion of rare variants 20 and show strong signatures of purifying selection compared to other genes, 21 we hypothesized that complex-disease genes harboring rare variants with larger effect sizes might show similar evolutionary patterns. We therefore selected candidate genes for this study on the basis of their evidence of weak purifying selection, and we identified significant associations between rare variants and asthma in up to four of the nine genes selected (Table S1 ). Future resequencing studies will illuminate whether selecting candidate genes on the basis of evidence of purifying selection increases the chances of finding genes harboring rare variants contributing to disease risk or whether we could have achieved similar results by selecting nine candidate asthma-associated genes at random from the list of 53. Lastly, regardless of whether there is a direct relationship between natural selection and asthma susceptibility, genes subjected to purifying selection might be more relevant in a broader range of processes and might therefore harbor a greater proportion of rare variation with functional effects.
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Overall, our results suggest that rare variants play an important role in asthma susceptibility in both African Americans and European Americans and that multiple rare variants at a single locus can contribute to a common disease etiology. Additional studies will need to address whether using signatures of purifying selection to prioritize candidate genes for resequencing studies or to assign weights to genes in exome-sequencing studies is an effective way of identifying novel rare variants that contribute to a common disease.
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